its use as a good criterion for impact also depends on its occurrence, for example, in a glass matrix entraining other xenocrysts derived from local lithologies and exhibiting distinctive impact glass textures, particularly when out of geologic context for a plausible alternative process (such as a volcanic source or a fulgurite). 10 The brown dwarf Gliese 229B has an observable atmosphere too warm to contain ice clouds like those on Jupiter and too cool to contain silicate clouds like those on low-mass stars. These unique conditions permit visibility to higher pressures than possible in cool stars or planets. Gliese 229B's 0.85-to 1.0-micrometer spectrum indicates particulates deep in the atmosphere (10 to 50 bars) having optical properties of neither ice nor silicates. Their reddish color suggests an organic composition characteristic of aerosols in planetary stratospheres. The particles' mass fraction (10 Ϫ7 ) agrees with a photochemical origin caused by incident radiation from the primary star and suggests the occurrence of processes native to planetary stratospheres.
The past 6 years have provided the first detections of planets and the slightly larger brown dwarfs outside our solar system (1, 2) .
Among these substellar mass objects, Gliese 229B (Gl229B) is unique: With an effective temperature of 900 K, it is the coolest for which spectroscopic measurements are possible (1, 3, 4) . Gl229B's temperature forces a reduced chemistry (a NH 3 , CH 4 , H 2 O, and H 2 composition), similar to the upper atmospheres of the jovian planets (5). Consequently, Gl229B's near-infrared (IR) spectrum (6, 7) is dominated by methane and water fea-tures. The strengths of these features rule out the presence of high-altitude clouds composed of simple ices, such as ammonia and water, present on Jupiter, or the dust that subdues absorption features in the spectra of GD165 and M dwarf stars (8) . Also revealed by near-IR spectra is a gravity in Gl229B's upper atmosphere 30 to 50 times greater than that of Jupiter (3, 4) . The high gravity and the lack of high clouds allow visibility to pressures exceeding 50 bars, an order of magnitude larger than possible on planets in our solar system. Thus, in Gl229B, we have the opportunity to investigate atmospheres in a unique thermodynamic regime.
Initial studies of Gl229B's near-IR spectrum, indicating a particulate-free atmosphere (3, 4) , match most spectral features. Yet, these synthetic spectra depart from observations near 1.05 and 1.25 m, where the brightness temperature is high (1600 K) and emission derives from pressures greater than 30 bars. At wavelengths shorter than 0.92 m, the primary absorbing gases, methane and water, are comparatively transparent, and observations should probe to the hotter and deeper atmospheric levels. At these wavelengths, an increase in Gl229B's flux was expected. Surprisingly, optical photometry and spectroscopy measured a decrease in Gl229B's flux (7, 9) . Simple adjustments to the input parameters of standard models (for example, gravity or effective temperature) do not resolve this discrepancy.
Here, we investigate the structure of Gl229B's atmosphere by analyzing its optical spectrum (0.85 to 1.0 m) obtained at the Keck 1 Telescope (7). Radiative transfer calculations allow us to examine the absorption and scattering of Gl229B's flux, resulting from the native gases and possible particulates (10) . Initially, we replicate past models of Gl229B's near-IR spectrum (3, 4) with a dust-free calculation containing H 2 , He, and water absorption (10) . This test confirms the original predictions, with a calculated 0.85-to 0.92-m flux 5 to 80 times greater than that observed (Fig. 1A) . In this spectral region, the model provides an atmosphere that is too transparent, yielding excess emission from the hot levels below 200 bars. An unaccounted-for source of opacity must exist in Gl229B's atmosphere.
Several considerations indicate that the missing absorber is neither water vapor nor any other gas. The spectral characteristics of water do not match those required. At 0.93 to 1.0 m, where water features dominate, the calculated flux lies below the observed spectrum (Fig. 1A) , indicating the presence of too much absorption. A smaller water abundance derived from an oxygen composition that is 65% of the solar value fits the overall observed flux level at 0.92 to 1 m but yields water features deeper than those observed considering the 1 noise level of 10 Ϫ17 ergs cm Ϫ2 s Ϫ1 m Ϫ1 . This model also fails to match observations at shorter wavelengths (Fig. 1A) , where water is optically thin and does not substantially affect the spectrum. We considered a suite of other gases as potential absorbers, based on the possible mo- (7). (A) Synthetic spectra resulting from radiative transfer calculations of Gl229B that assume a particle-free atmosphere. Two water abundances are considered. The solar abundance model (green line) replicates previous calculations used to interpret Gl229B's near-IR spectrum (3, 4) . Here, the thermal profile derived for a clear atmosphere was used (3, 4) . A water abundance 0.65 times that of the solar model fits the 0.95-to 1.1-m region; however, it fails to interpret wavelengths shortward of 0.92 m (red line). In addition, it produces water features deeper than those observed at 0.93 to 1.0 m. (B) An atmospheric model that includes the effects of silicate dust (with n i ϭ 0.001 and n r ϭ 1.65). The haze distribution is defined by N ϭ 1.6 ϫ 10 4 particles per cubic centimeter. This calculation yields a spectrum equivalent to that calculated with iron dust (n i ϭ 3 and n r ϭ 4) for a haze distribution defined by N ϭ 2.5 ϫ 10 3 particles per cubic centimeter. The resultant synthetic spectrum (red line) matches the depths of the 0.93-to 1.0-m water bands better than do those derived assuming a cloudfree atmosphere. However, this spectrum still fails to fit Gl229B's observations for wavelengths shorter than 0.92 m. (C) An atmosphere having a reddish haze with optical constants adjusted to match the observations (that is, n i Յ 0.01 at 1 m increasing to 0.1 at 0.9 m and further to 0.4 at 0.85 m and n r ϭ 1.65) yields the model spectrum shown (red line). We use a haze distribution defined by N ϭ 1.6 ϫ 10 4 per cubic centimeter. The y axis is linear and the x axis is enlarged to better exhibit the water features. (Inset) Our fit to Gl229B's entire 0.85-to 1.0-m spectrum. lecular forms of cosmically abundant elements (for example, N 2 , NH 3 , CO, CO 2 , and CH 4 ) (5), and found that none of these molecules have transitions that produce strong bands at 0.85 to 0.92 m (11).
The remaining candidate for the missing absorber is particulates. Indeed, the opacity source must exhibit no fine spectral structure characteristics of molecular absorption of gases, because none other than water and cesium are indicated in the optical spectrum. In addition, the unidentified constituent must provide substantial opacity throughout the region observed, because the water features are uniformly shallower than those calculated by particle-free atmosphere models (Fig. 1A) . Particulates have both of these properties. To test this hypothesis, we incorporated particles into our clear-atmosphere model using three parameters to specify the nature of the haze: (i) the number density of particles at 27 bars (N), (ii) the imaginary index of refraction (n i ), and (iii) the particle radius (a). The scale height of the haze density follows that of the pressure. The top of the haze layer was set at 5 bars on the basis of the strength of the water feature at 0.93 m, which establishes this upper bound. The bottom of the haze layer was set at 80 bars, because our spectrum is not sensitive to deeper levels (Fig. 2) . A lognormal particle size distribution of width 0.1 was assumed on the basis of particle size distributions observed in Earth's atmosphere. With the real coefficient set at n r ϭ 1.65, we modeled most hazes considered for late M dwarf stars and jovian tropospheres and stratospheres. Silicate oxides [for example, enstatite and olivine (12)], corundum, and hydrocarbons generally have n r values of 1.65 Ϯ 0.15. Iron is an exception; we consider this as a special case.
At wavelengths less than 0.92 m, Gl229B's spectrum, mostly insensitive to the water abundance, provides a direct measurement of a possible layer of haze. We constrain the parameter N from the depths of the water features, which are muted in our model by the addition of more haze. The overall flux of Gl229B at 0.85 to 0.92 m establishes the combined effects of the reflectivity of the haze particles (n i ) and N. At these wavelengths, Gl229B's spectrum indicates a dark material with n i ϭ 0.1 at 0.9 m, increasing linearly to n i ϭ 0.4 at 0.85 m. A model atmosphere with a ϭ 0.1 m and N ϭ 1.6 ϫ 10 4 particles per cubic centimeter fits the Keck observations largely within the 1 noise level of the data (Fig. 1C) (13) .
At wavelengths less than 0.93 m, primarily water vapor influences Gl229B's spectrum. When we include the haze distribution described above, a water abundance derived from 30 to 45% of the solar abundance of oxygen is indicated. This subsolar water abundance agrees with recent measurements of the metallicity of Gliese 229A (Gl229A), the companion star of Gl229B (14) . We find that Gl229B's spectrum requires brightly scattering particles at 0.93 to 1 m, with n i ϭ 0.05 at 0.93 m, decreasing linearly to n i Յ 0.01 for wavelengths longer than 0.97 m. Our haze distribution addresses two independent constraints, the absolute flux and the line depths of the 0.92-to 1.0-m water features. This model additionally interprets well Gl229B's near-IR spectrum. A more complicated function for n i is not constrained by our analyses. Yet, this decrease of n i with increasing wavelength implies a red haze.
The location of Gl229B's haze can be evaluated with a contribution function (cf ), indicating the strength of emission as a function of pressure:
where B(,T ) is the Planck function, is the optical depth, and P is the pressure. Particulates reside at altitude levels where detectable flux originates, ϳ15 to 50 bars. Here, temperatures range from 1400 to 1800 K (Fig. 2) . Studies of stars and planets provide two possibilities for the origin of particulates in the atmosphere of Gl229B. In analogy to Jupiter's troposphere and the photospheres of M dwarfs, they could be cloud particles created by the condensation of refractory species. Alternatively, they could resemble the haze found in planetary stratospheres, produced by photochemical processes acting on the volatile species in the atmosphere. We first consider condensation of refractory grains.
Thermochemical models of Gl229B's atmosphere (5) suggest that corundum (Al 2 O 3 ) and grains composed of iron (Fe) and silicates (such as spinel Mg 2 SiO 4 ) form at temperatures Ͼ1800 K and are therefore not visible. Compounds containing Si, P, and S may form at lower temperatures; however, these materials are cosmochemically less abundant (15) . Perovskite (CaTiO 3 ) and other refractory elements condense at temperatures exceeding 1800 K. Although the more refractory grains evidently are present in the photospheres of the coolest M dwarfs (8) , their condensation levels generally lie at temperatures greater than do the hazes we detect (that is, at higher pressures than present in M dwarfs). Convection could conceivably carry such particles up to the visible atmosphere. However, even when the hazes considered here are included in our model atmosphere calculations (10) , the atmosphere remains radiative above 100 bars, making it unlikely that abundant refractory grains are carried to the visible atmosphere (10, 16 ) .
A more serious problem with condensation clouds of refractory compounds is the spectral characteristics of these elements. Optical properties of metals and silicates differ from those that we derive for the dust in Gl229B's atmosphere (Fig. 1B) . The brown dwarf's low 0.85-m flux and high 1-m flux indicate dark red particulates. Iron is dark (n i ϳ 2 to 4) throughout the 0.85-to 1-m region, whereas other known refractory grains (13) scatter brightly throughout this region. All these compounds are either gray or blue in color. It has been proposed that red organic material (polycyclic aromatic hydrocarbons) coats particles within red giant stars particularly at temperatures of 900 to 1100 K and in gas environments rich in H 2 and C 2 H 2 (17) . However, this chemistry has not yet been investigated for the more quiescent conditions found within the atmospheres of brown dwarfs.
The optical properties of Gl229B's particulates resemble those of many materials in our own outer solar system. Reflectivities that increase strongly with wavelength and are otherwise featureless appear on the surfaces and coma of comets, planetary satellites, centaurs, some Kuiper belt objects, and the haze in the atmospheres of Titan and the jovian planets (18, 19) . Most likely, these materials are organic species produced by polymerization of hydrocarbons and nitriles, a process studied most thoroughly for the atmosphere of Titan (20) . Incident solar ultraviolet (UV) radiation and charged particle precipitation result in the production of nitrogen-and carbon-bearing radicals; subsequent reactions produce species such as C 2 H 2 and HCN, which polymerize easily. Laboratory simulations of these processes create solids with optical properties similar to those of x axis) shows the pressure-temperature profile derived from Gl229B's observed radiance, assuming radiative convective equilibrium, and the haze distribution that interprets Gl229B's optical spectrum (Fig. 1C) . It is radiative above 100 bars and convective below.
Titan's haze (21) .
Like Titan, the variety of constituents likely to be present in Gl229B's atmosphere provides a fertile environment for production of photochemical aerosols. Water, CH 4 , and CO have been detected in Gl229B, and thermochemical equilibrium calculations suggest the presence of N 2 , NH 3 , PH 3 , and H 2 S (5). Photochemistry is initiated by the UV flux from the primary star, Gl229A (20) . The resulting photochemical haze density depends on several processes: (i) the photolysis rate, (ii) the efficiency with which photochemical products are incorporated onto aerosols, and (iii) the rate at which aerosols are removed from the visible atmosphere by mixing and sedimentation. Although insufficient information prevents detailed modeling of these processes, simple estimates are possible.
The UV flux from Gl229A originates in the corona and transition regions of the atmosphere. Because Gl229A's UV radiation has not been measured, we estimate this flux by considering another M dwarf, Gliese 825 (Gl825), that is similar in size and spectral characteristics (22) . The large equivalent width observed in the H␣ features of Gl229A and Gl825 indicates a relatively high pressure in the transition region, where these lines are formed (23) . The accordingly high column abundance in the corona gives rise to strong emission from the HI recombination continuum. Thus, unlike the sun, where Lyman alpha emission dominates UV radiation, the HI recombination flux governs radiative losses from Gl825. Models that reproduce the observed spectrum of Gl825 predict a UV flux at the star's surface of 3 ϫ 10 7 ergs cm Ϫ2 s Ϫ1 (22) . We adopt this value for Gl229A, implying a global-average UV flux of 0.04 ergs cm Ϫ2 s Ϫ1 incident upon the atmosphere of Gl229B (24) . This value is comparable to the UV flux of 0.02 ergs cm Ϫ2 s Ϫ1 that Titan receives from the sun. If, similar to Titan, one in ten of Gl229A's UV photons results in the production of a molecule with an average mass of 20 atomic mass units that subsequently becomes incorporated in an aerosol, the net mass flux of aerosols is Ӎ 2 ϫ 10 Ϫ14 g cm Ϫ2 s Ϫ1 . The small aerosols deduced from our spectral analysis are removed from the visible atmosphere by eddy diffusion rather than sedimentation. The mass fraction of aerosols ( f ) is related to the eddy diffusion coefficient K, the mass density of the atmosphere (), and the net mass flux through f ϭ H/K, where H is the scale height of the atmosphere (25) . Because the thermal profile derived for Gl229B (Fig. 2) is radiative, we assume a typical value for K in the radiatively controlled region of planetary atmospheres, 10 3 to 10 4 cm 2 s Ϫ1 (26 ). When one uses H ϭ 7 km, K ϭ 10 3 cm 2 s
Ϫ1
, and ϭ 10 Ϫ4 g cm
Ϫ3
, f ϭ 10 Ϫ7 is implied. This value agrees with the mass fraction of haze derived from Gl229B's spectrum. Below the radiating layer, the haze will react with H 2 and reestablish the stable molecular forms of carbon and nitrogen (27) . Thus, the photochemical production of aerosols is a viable explanation for the haze in Gl229B's atmosphere.
The hypothesis of a deep haze is testable through spectroscopic observations. Isolated brown dwarfs (devoid of the UV flux of a companion star) with effective temperatures near that of Gl229B will presumably lack the dark photochemical haze proposed here. Hence, any such isolated objects should have optical fluxes up to two orders of magnitude larger than that of Gl229B. In addition, along with aerosols, photochemistry produces many simple organic molecules, detected in the atmospheres of Titan and the jovian planets. If found in Gl229B's atmosphere, these disequilibrium species would point to the presence of a photochemical haze. Candidate molecules include those produced primarily by photochemistry (C 4 H 2 , HC 3 N, and CH 3 C 2 H), rather than molecules that also have other origins, such as C 2 H 6 and C 2 H 2 , which also originate from thermochemistry (5).
Our analysis indicates analogies between the atmospheres of the giant planets and those of brown dwarfs. Jovian atmospheres exhibit temperature minima at ϳ0.1 bar that delineate different atmospheric regions. Above this level (the lower stratosphere), energy is transferred radiatively; photochemistry, instead of thermochemistry, controls the composition and produces aerosols; and the dynamics is quiescent. Below 0.1 bar (the troposphere), energy is transferred by radiation and convection, with the radiative-convective boundary occurring at ϳ0.5 bar; vertical mixing is more vigorous; and temperatures permit condensation of ices. Below the 2-bar water clouds on Jupiter, cloud-free conditions are predicted until the 1000-to 10,000-bar levels, where iron and olivine condense (28, 29) . The temperatures corresponding to this "cloud gap" in Jupiter's interior characterize the temperatures of Gl229B's visible atmosphere.
Our models of Gl229B's spectrum indicate an atmosphere (above 40 bars) that is clear of condensed refractories but contains a red aerosol. We argue that stratospheric processes such as photochemistry, which can produce such a haze, might be expected at high pressures for brown dwarfs. The column abundance above 50 bars on Gl229B corresponds to that above the 0.5-bar level in the Jovian planets. Therefore, radiation from the primary star reaches deeper levels on Gl229B than is possible for planets. Gl229B's large gravity additionally implies a radiative profile down to pressures two orders of magnitude greater than that occurring on Jupiter (30) . This profile suggests the presence of quiescent stratospheric dynamics that allow particles to survive long enough to "build up" an observable abundance. Gl229B's visible deep atmosphere may consequently resemble the jovian stratosphere, with photochemistry, a radiative profile, and calm dynamics. As such, this brown dwarf represents a laboratory of stratospheric processes at temperatures, pressures, and gravities one to two orders of magnitude greater than those seen on planets in our solar system.
